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Humans routinely inhale aerosolized
cyanobacteria, into the nostrils and
lungs.

Samples collected during the winter
were positive at surprisingly high fre-
quencies,

Proximity to a waterbody was not a sig-
nificant factor.

Sources of indoor exposure warrant fu-
ture investigation.

Aerosol is a likely route of transmission
for  cyanctoxin-associated  human
diseases.

Route of transmission for cyanotoxgin-associated human diseases.
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Cyanohacteria produce harmiful toxins that have been associated with several acute conditions and chronic
human diseases, like gastroenteritis, non-alcoholic liver disease. and amyotrophic lateral sclerosis, Aerosol
from waterbodies appears to be a likely mechanism for exposure. We conducted a study of human biospecimens
focused on the cyancbacterial aerosilization process by evaluating the extent to which cyanobacteria can invade
the human respiratory tract. Qur study suggests that humans routinely inhale aerosolized cyanobacteria, which
can be harbored in the nostrils and the lungs, Using PCR, cyanobacteria were found at high frequencies in the
upper respiratory tract {82 .20%) and central airway (79.31%) of our study subjects. Nasal swabs were not predic-
tive of bronchoalveolar lavage (BAL) when detecting inhaled cyanohacteria, Interestingly, we found no evidence
that time of year was a significant factor for cyanobacteria positivity (BAL cytology p = 1.0 and PCR p = 1.0);
{nasal swab cytology p = 0.051 and PCR p = 0.63). Additionally, we found that proximity to a waterbody was
not a significant factor for cyanobacteria positivity in BAL and nasal swabs collected during cyanobacteria
bloom season [May-October] (p = 046 and p = 0.38). These data suggest that cyanobacteria exposure may
be a prevalent and chronic phenomenon not necessarily restricted to waterbodies alone, Sources of indoor expo-
sure warrant future investigation. Given the widespread prevalence of cyanobacterial exposure in the airway, in-
vestigation of the aerosol spread of cyanotoxing, more specifically, is warranted. Owr findings are consistent with

heocleorg (EW. Stormamel).
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the hypothesis that aerosol is a significant route for cyanobacteria exposure, and thus a likely route of transmis-
sion for cyanotoxin-associated human diseasas,

© 2018 Elsevier BV, All rights reserved.

1. Introduction

Evidence suggests that humans may be exposed to cyanobacteria,
also known as blue-green algae, and their harmful toxins through a
variety of mechanisms. Cyangbacteria are ubiquitous organisms that
can be present not only in cyanobacterial harmful algal blooms
{CHABs), hut also all vear round in the benthic zone of waterbodies
{Berdalet et al, 2015; Berger et al, 2006), Two well-documented routes
of exposure include incidental consumption of contaminatred water
(Carmichael and Boyer, 2016; el Saadi ot al, 1995; Falconer et al,
1983; van Apeldoorn et al,, 2007) and direct dermatological contact
through recreational activities, such as swimming {Carmichael and
Bover, 2016; Drobac et al, 2013; van Apeldoorn et al, 2007). Other
routes include dietary consumption of cyanotoxin-contaminated fish
{Cazenave et al,, 2005; Cazenave et al, 2006; Magalhaes et al, 2001;
van Apeldoorn et al., 2007, XKie et al,, 2005) or even through, supposedly
beneficial, blue-green algae supplements (Dietrich and Hoeger, 2005;
Brobac et al,, 2013; Gilroy et al., 2000; Roy-Lachapelle et al, 2017).
More recently, attention has shifted towards understanding
cyancbacteria aerpsilization, which could make widespread exposure
possible and thus be one of the most significant mechanisms with re-
spect to human health {Backer et al, 2010; Lewandowska et al, 2017;
May et al, 2018).

Acute cyanotoxin poisoning may present in a clinically diverse fash-
ion, fn cases of direct skin contact, clinical findings may include rashes,
hives, and biisters {Drobac et al, 2013). Allergic reactions such as
cough, runny nose, and sore throat may also occur {Drobac et al,
2013), Swallowing toxic cyanobacteria may also cause gastrointestinal
(G1) distress in the form of gastroenteritis, nausea, diarrhea, pain,
vormiting, in addition to associated symptoms like fever and headache
{Drobac et al, 2013; el Saadi et al, 1995). Exposure to large quantities
of cyanotoxins may also cause acute liver damage and even death, as
was the case in the Brazilian hemodialysis center in 1996 {Azevedo
et al, 2002; Carmichael et al, 2001; Hilborn et al,, 2005; Jochimsen
etal., 1998). Studies have documented other serious health concerns as-
sociated with cyanotoxin exposure including a significantly increased
risk for hepatocellular carcinoma (Fleming et al, 2002) and non-
alcoholic Hver disease {Zhang et al, 2015).

Recent evidence also suggests that living within 0.5 miles of a
waterbody affected by frequent CHABs appears to be a significant risk
factor for amyotrophic lateral sclerosis (ALS) in Northern New England
{Caller et al, 2009; Caller et al, 201%; Caller et al, 2013; Stommel et al,
2013; Torbick et al, 2014; Torbick et al, 2018). Chronic exposure to the
cyanobacteria-derived toxin, B-methylamino-c-alanine (BMAA), has
been implicated as a significant risk factor for developing neurodegen-
erative disease, like ALS, in genetically predisposed individuals (Al-
Chalabi et al,, 2014; Andrew et al., 2017; Banack and Cox, 2003;
Banack et al, 2010; Banack et al., 2015; Bradley et al, 2013%;
Bunlop et al., 2013; Field et al., 2013; Michaelson et al,, 2017;
Murch et al,, 2004a; Murch et al,, 2004b; Pablo et al., 2008; Riancho
et al, 2018).

A noteworthy and particular route of interest is through aerosol
exposure, This mechanism could potentially explain how individuals
nearby a cyanobacteria source are exposed to acute and chronic tox-
icities. A recent ecological study examined the chemical and biolog-
ical composition of particulate lake spray aerosol (LSA) produced
using freshwater samples from Lakes Michigan and Erie, both of
which have experienced an increase in CHAB intensity and fre-
quency (May et al, 2018). Blue-green algae was found to be present

in individual freshwater LSA particles suggesting that cyanobacteria
may be aerosolized through freshwater wave breaking (May et al,,
2018}, In a related study, Lewandowska and colleagues found that
respirable bicaerosols collected over the Baltic Sea, as well as hun-
dreds of meters inland, harbored cyanobacteria and other related
microalgae species at very high frequencies {Lewandowska et al,,
2017), The authors suggest that microorganism-infested bicacrosols
may present a ubiguitous exposure risk for human health, and fur-
ther studies are needed in characterizing the ability of aerosolized
microorganism in carrying other potential toxins like heavy metals
and pesticides {Lewandowska et al, 2017).

in the Florida “red tides,” brevetoxins produced by a similarly toxic
marine dinoflagellate, Karenia brevis, were detected in aerosol samples
as far as 4.2 km from the beach of origin (IGrkpatrick et al, 2010) as
well as in nasal swab specimens of exposed individuals {Backer et al,
2003; Backer et al, 2003). Respiratory symptoms and inflammatery re-
sponses were conwnon among those exposed {Backer et al, 2003). An
additional study by Backer and colleagues recruited children and adults
who had gone to two California lakes to engage in recreational activities,
such as swimming and water skiing, and attempted to detect the
cyanotoxin, Microcystin {MC), in plasma and nasal swab specimens
{Backer et al,, 2010). They found that although plasma MCs were ali
below detectable limits (using MC-specific enzyme-linked immunosor-
bent assay [ELISA]), levels in nasal specimens increased from pre-
recreational to post-recreational sampling, This suggests that aerosolin-
halation is a potentially significant route of exposure {Backer et al,,
2010). The authors encouraged future studies to collect nasal swab
specimens in order to assess upper respiratory tract susceptibility to
cyanotoxin infiltration,

The purpose of our study was to expand upon the cyanobacteria
aerosol mechanism by investigating cyanobacterial presence in bio-
specimens from both the upper respiratory tract and the central airway,
Previous studies have primarily used MC-ELISA to detect exposure to
cyanotoxins {Backer et al, 2010; Hilborn et al,, 2005); however, ina
novel method we aimed to identify the bacteria itself and the extent
to which it may invade the human respiratory system. We accom-
plished this by analyzing not only nasal swab specimens but also bron-
choalveolar lavage (BAL) fluid from consenting research participants,
Cur primary objectives were t0; a) identify cyanobacteria in respiratory
samples, b) study the efficacy of using nasal swab specimens as surro-
gates to bronchoscopy when identifying cyanobacteria, and
¢) determine if residential proximity to a waterbody correlates with
cyanchbacteria identification. Factors such as sample collection time of
vear and significant medical contributing factors (pulmonary disease,
smwoking status, etc.) were studied as secondary measures,

2. Materials and methods
2.1. Patient recruitment

institutional review board (IKB) approval was obtained in March
2015 (Center for the Protection of Human subjects (CPHS) at Dart-
mouth, IRB #20843) with yearly approval in 2015 through 2018. Pa-
tients were recruited from the fall of 2016 through the late winter of
2018 via a collaborative effort between the Departments of Neurology
and Pulmonary and Critical Care Medicine at Dartmouth-Hitcheock
Medical Center (DHMC). Subjects were identified on the DHMC
pulmonology service who were either, a) set for participation in an al-
ready ongoing research study involving bronchoscopy {CPHS at
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Dartmouth, IRB #22781), or b) having a bronchoscopy for diagnostic/
clinical work-up. All research participants from the pulmonology ser-
vice were off antibiotics for >2 weeks before the study and were in the
hospital for <4 h before recruitment and sample collection. Additional
study participants were recruited from the Neurology clinic during out-
patient visits to achieve a higher sample size in order to study a broader
prevalence of exposure. Access to medical record information was re-
quested from each participant and was used to identify pertinent demo-
graphic information, such as a current residential address, smoking
status, and medical history. Study participants were provided written
informed consent and all questions were addressed at the time of
enroliment,

Current residential address at the time of sample collection was
ascertained from each patient’s electronic medical record and was plot-
ted using Google Earth, Distance to the clesest waterbody was mea-
sured for each participant. Waterbody was defined as any lake, river,
or private pond, and excluded estuaries. Depending on when recruit-
ment occurred, participants were assigned o either the "May-October”
or “November-April” group for season-based analyses.

2.2, Sample collection

2.2.1. Bronchoscopy and BAL retrieval

Bronchoscopies were performed by experienced providers at our in-
stitution. The procedure was performed under conscious sedation using
intravenous fentanyt and midazolam. All subjects received local anes-
thesia of the posterior pharynx and vocal chords using 2% lidocaine, A
flexible, fiberoptic bronchoscope was advanced into the right upper
lobe (RUL) for lavage and we obtained <15 miL of BAL. Participant’s vitals
were monitored throughout the procedure. The lavage was done using
sterile, normal saline {0.9% NaCl), preheated to body-temperature {37
°() to help prevent coughing and to increase cellular yield. After com-
pletion of the procedure, participants were monitored in the recovery
room until deemed clinically stable for discharge.

2.2.2. Nasal swab speciimens

The nasal swab collection technigue was based on the method used
by Backer and colleagues {Backer et al.. 2003; Backer et al, 2010). Sam-
ples were obtained by rotating a culture swab seven times along the
anterior pasal mucosa, one culture swab per nostril (BD BBL™
CultureSwab™ Transport Systems; Liguid Amies, Single Swab {polyes-
ter), BD 220146). After collection, each culture swab was returned to
its vesicle until processing (see Section 2,3.2). In some cases, partici-
pants were selectively excluded from nasal swab specimen collection
if they were already on supplemental oxygen at the time of consent or
if they had pre-existing nasal cavity damage/pain,

2.3, Sample processing

2.3.1. BAL processing

BAL samples were processed within 2 h of collection. All handling of
BAL was performed under a laminar flow culture hood to minimize con-
tamination issues. Multiple original BAL samples {250 ul each) were re-
served and stored at —80 °C until analysis (Section 2.4). The
concentration of cells (cells/ml) in the BAL sample was determined
using a manual hemacytometer {Sigma Aldrich Bright-Line™ Hemacy-
tometer, Z359629), Thereafter, enough BAL (in 1 mL 0.9% normal, iso-
tonic saline) to equilibrate to a final concentration of approximately
5500 cells/mi was cytocentrifuged (Shandon Cytospin 3 Cell Prepara-
tion System) at 500RPM for 5 min onto two charged microscope slides.
Shides were fixed in methanol for 6 min. One slide was preserved as is,
unstained, while the other slide was stained for 30 min in 1:20 deion-
ized water {diH20): Giemsa Stain {Sigma Giemsa stain, modified, G
5500) sclution. The stained slide was washed gently in diH20, allowed
to air dry, and sealed with a coverslip with permount before storing at
room temperature away from light.

Two forms of controls were prepared. Cultured Microcystis sp.
{Carolina Biological Supply; Microcystis sp., Living, ftemn #151840) was
used as the positive control and Escherichia coli K-12 strain {Carolina
Biological Supply; Escherichia coli K-12, Living, Item #155068) was
used as the negative control. Both cultures were processed by
cytocentrifugation as described in this section, however done so at
2000RPM to account for small size and weight such that a compact, uni-
form celhular field of ~5500 cells/ml was established,

2.3.2. Nasal swah processing

Nasal swab specimens were gently smeared on two charged micro-
scope slides. Thereafter, one shide was preserved as is, unstained, while
the other slide was stained for 30 min in 1:20 diH20: Giemsa Stain
{Sigma Giemsa stain, modified, G 5500) solution. Slides were stored at
room temperature away from light. Original swabs were stored at
—18 °C until analysis.

24. Polymerase chain reaction {PCR)

DNA was extracted from the original sample using a Qiagen DNeasy
Blood and Tissue kit {Qiagen, Netherlands). Nested PCR using cyano-
specific 165 primers CYA359F (GGG GAA TTT TCC GCA ATG GG,
CYA781R{a) {(GAC TAC TGG GGT ATC TAA TCC CAT T), CYA781R
{b) {GAC TAC AGG GGT ATC TAATCC CTTT), and 16SUR (5-GTATTA
CCG CGG CTG CTG G-3') was performed on isolated DNA (IDT, USA).
B-Globin was used as a positive, human samples control. For the pri-
mary reaction, 8.2 uM CYA359F and 0.2 pM of equimolar CYA781Ra
and CYA781Rb were added to 100 ng of sample DNA and SsoFast
ready mixed reagents (Bio-Rad Laboratories, USA). Reactions were am-
plified in a Bio-Rad S1000 cycler with the following protocol; 95 °C for
60 5, and 40 cycles of 85 °C for 10 s and 60 °C for 30 s. Primers were
then digested in the primary reaction using ExoSAP-IT {Affymetrix,
USA) per the manufacturer's recommendation. 1 ph of the primary
PCR was then amplified using CYA3I59F and 165UR using the same reac-
tions conditions as in the primary PCR Amplified DNA was examined by
electrophoresis of 20 yl. of the PCR product on 2% agarose E-Gels, and vi-
sualization with an E-Gel imager {Thermoscientific, USA).

2.5, Fluorescence microscopy (FM)/cytology

An Olympus IX73 inverted Fluorescence Microscope was used to ex-
amine slides for the presence of phycocyanobilin, a protein present in
the cyanobacteria-specific pigment, phycocyanin (excitation 575 nm
{Chroma, ET575/22x ) /emission 650 nm [Chroma, ET650/75 m} ). Micro-
scope magnification was ubiguitously set at 10x. Giemsa-stained slides
were scanned for fluorescent particles, which, at the aforementioned
wavelengths, appeared red in color. BAL slides were scanned within
the focal area of cells created by the cytocentrifuge process and nasal
swab slides were scanned over the entire area of the smear. Images
were taken of fluorescent signals and bright-field images were also cap-
tured and used for quality control.

2.6. Hjifimage] image analysis

Fiji {also known as “Image |") imaging software was used to analyze
BAL and nasal swab fluorescence images for the presence of
cyanobacteria. Fluorescent signals on the images were measured for
size parameters {area and diameter) using established macros and
plug-ins developed into a unigue method. Control Microcystis and E,
cofi were imaged via FM as described in Section 2.5 and analyzed by
Fiji/tmage] for the same size parameters,

2.7. Statistical analyses

Study data were collected and managed using Research Electronic
Data Capture (REDCap) tools hosted at DHMC (Harris et al, 2009). We
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performed univariate statistical analyses using t-tests for continuous
measures and Fisher's exact tests or chi-square tests for categorical var-
iables. We calculated Pearson correlation coefficients to assess relation-
ships between two continusus variables, p-Values < 0.05 were
considered statistically significant,

3. Resulis
3.1, Fatient characteristics

During the study period of October 2016-February 2018, BAL sam-
ples were collected from 29 participants, 23 of which were swabbed
for nasal specimens {Table 1}. Reasons for not collecting nasal speci-
mens included: a) the participant was already on supplemental oxygen
at the time of consent {(n = 5}, and b} pre-existing nasal cavity damage/
pain {n = 1), Study participants included 19 healthy controls, 8 individ-
uals with Cystic Fibrosis ((F}, 1 individual with pulmonary fung nodules
and asthma, and 1 participant with Chronic Obstructive Pulmonary Dis-

copy participants (p = 0.57). The mean age for bronchoscopy
participants was 35.59 + 14.56 years, and was not statistically different
by gender (Table 1), Smoking status revealed a majority {79.3%) of
“never” simokers and 13.8% of non-user/“former” siokers, A small mi-
nority (6.9%) were “current” smokers {Table 1),

in order to appreciate a broader understanding about the prevalence
of cyanobacteria exposure, we recruited an additional 54 participants
from the Newrology clinic during outpatient visits, Thus, we collected
nasal swab specimens on 77/83 total study participants (92.8% partici-
pation rate) {Table 1). Female participants {n = 44) osutnumbered
male participants {n = 33) {Table 1}. The average age for all nasal
swab subjects was 54,86 -+ 18.64 years, and was not statistically differ-
ent by gender {Table 1). Smoking status revealed a majority {59.7%) of
“never” smokers and significant proportion of non-user/“former”
smiokers {33.8%) {Table 1). A small minority were “current” smokers
(3.9%) or report “unavailable” (2.6%) (Table 13,

3.2, Cyanobacteria are found in the human respiratory tract

321 BAL

Cyano-specific 165 DNA PCR revealed 23/28 (78.31%)
cyanobacteria positive spedmens {Table 2}, Age was not a significant
factor for cyanobacteria PCR positivity (p = 0.79), however samples
from male participants were all positive versus 6 negative samples
from female participants; p = 0.028 {Table 2). Successful BAL
cytopreparation (for cytological analysis} was performed on 26/29
specimens, Minor, early study protocol issues/sample retrieval was the
only reason for not having processed these three specimens. BAL cytol-
ogy identified cyanobacteria in 10 {38.46% ) specimens and did not differ

Table 1
Overall characteristics of bronchoscopy and nasal swab participants.
Characteristics Bronchoscopy  Nasal Swab p-Value
participants participants
Gender Total, n (%) 29/29 (100%)  77/81° -
(92.8%;
Female, n {%) 44 (57.1%) Reference

33 (42.8%) 0.69
54.96 4 1864 -

56.53 £ 19.18 Reference
52.76 £ 1793 0.28

Age Total, mean 4 SD
Female, mean 4 SO
Male, roean £ S

Smoking Newer, 1t (%} g (59.7% 040
status Former, n (%) 4 {13.8%) 26 (33.8%) —-
Current, n {%) 2{69%) 3 (3. -

Unavailable, n (%) - 2 (2.

* Incudes 23 participants from Bronchoscopy group that coniributed nasal swabs in
addition to BAL

Table 2), Lung diseases { CF, COPD, asthmma) were unrelated to BAL cytol-

Smoking status was also not significant {data not reported).
Epiflugrescent signals in FM positive images were measured using
Fiji/image] for diameter and area. Control Microcystis and E. coli were
imaged and measured using the same methods {Fig. 2), Independent
samples ¢-tests found that the measured mean diameter of BAL
cyanobacteria cefls {mean 3,17 wm; 95% (1 2,17-4.30 um ) was in agree-
ment with the mean diameter of standard Microcystis cells {mean 3,19
pm; 95% C1 2.43-4.06 wm); p = 0.94 (Table 3). Similarly, the mean
area of BAL cyanobacteria {(mean 6.22 um?®; 95% Cl 2.96-8.82 ym”)
were found to be similar to the mean area of standard Microcystis

control, E. cofi did not produce any epiflucrescence signals and Fiji/
Image] analysis calculared no size measurements (Fig, 2; Table 3).

3.2.2. Nasal swabs
Cyano-specific 165 rDNA PCR revealed 71/77 (92.2%) cyanobacteria

prepared for cytology. Nasal swab cytology identified cyanobacteria in
48775 (64.0%) smears and did not differ based on age or gender; p =
0.28 and p = 0.63 respectively (Fig, 3; Table 4). Smoking status was

nof reported ),

Independent samples t-tests found thar the measured mean diame-
ter of nasal swab cvanobacteria cells (mean 2.47 pm; 95% C12.24-2.71
um) was statistically smaller than the mean diameter of standard
Microcystis cells {mean 3.19 pm; 95% C1 2.43-4.06 ym); p < 0.001
(Table 3). Similarly, the mean area of nasal swab cyanobacteria (mean
4.28 wm?; 95% Cl 3.54~5.03 pm?) was statistically smaller than the
mean area of Microcystis (mean 5.82 wm?; 95% C13.11-8.19 um?); p <
0.001 {Table 3},

3.3. Cyanobacterin detection by season

Given that CHABs do not eccur during the winter in northern New
England, analysis was dichotomized to differentiate between samples
that were collected during the warmer months of May-October, versus
samples collected the colder months of November-April {Table 5).
Nasal swab cytology revealed a sensitivity of 0.67 and specificity of
0.89 for detecting cyanobacteria in May-Oct samples, which was bor-

determined a sensitivity of .75 and specificity of 0.67 for detecting
cyanobacteria in samples collected during May-Oct, and was not signif-
icantly different versus the winter; p = 0.65 (Table 5). BAL cytology and
PCR sensitivity and specificity analyses did not exceed 0.50, and were

{Table 5). Interestingly, nasal swabs (90%) and BAL (81%) collected dur-
ing Nov-Apr were found to be positive for cyanobacteria at high fre-
quencies {Table 3). Cytology Pearson correlation analysis of nasal
swab samples revealed that cyanobacteria cell counts were also not sig-
nificantly different between samples collected during Nov-Apr vs.

We then restricted data analysis to only those samples collected
from May-Oct in order to determine if, when controlling for CHAB sea-
sonality, residential proximity to the nearest waterbody was a signifi-
cant factor. Distance measurement data was log transformed to
normalize distribution, Using a two-samples independent t-test, we
found that May-Oct bronchoscopy participants with PCR positive BAL
(n = 12) did not live significantly closer to the nearest waterbody
than did participants with negative specimens {n = 3) (Mean P0S =
3.06 log meters, Mean NEG = 2.81 log meters); p = (.384 (Fig. 4), Sim-
ilarly, May-Oct nasal swab samples alone revealed that participants
with PCR positive nasal samples (n = 55) did not live a significantly
closer distance to the nearest waterbody when compared with
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Table 2
Bronchoalveolar lavage (BAL) patient character

, cyanchacterial cytology, and PCR findings.

BAL cytology BALPCR
Negative Positive p-Value® Negative Positive p-Vatue®
Gender Female, n {%) 10 (62%) 5 (50%) - 6 {100%} 11 {48%) -
Male, n {%) G {38%) 5 (50%) .69 0 (0%} 12 (52%) 0.028
Age Mean & SD 305 £ 96 296+ 4.7 .28 5593 £ 1744 54.88 £ 18.98 0.79
Range {min-1nax) 19.0-56.2 21.8-34.7 24.39-75.9 21.82-86.38

*Gender p-value determined by Chi-square.
"Age p-value determined by t-test.

meters, Mean NEG = 2,49 log mere;s;, p = 0.46 {Fig. 4).

3.4. Determining the efficacy of using nasal swabs as a surrogate to bron-
choscopy for cyanobacteria identification

One of the main goals of our study was to determine the efficacy of
using nasal swab collection, a non-invasive and clinically relevant

Fig. 1. Representative sample preparation of normal buman BAL cells at a concentration of
~5500 cells/ral. This samiple was identified as PCR+ for cyanobacteria, (a) Glemsa stain
fe/pink) was used to label nucieated human lavage cells. (b) Twao cyancbacteria
g phycocyanobilin pigrn seent {10x, scale) using an
erted Fluore, Microscope. A phiycos cube with the
fength of 572 nm and emission wavelength of 640 nm was used. lmages
were mhemud to increase cell visibility using a standard procedure applied o all images.

wn

screening method, as a surrogate for bronchoscopy when gauging aero-
solized cyanobacteria exposure, Positive predictive value (PPV) and
negative predictive value (NPV) parameters, as well as sensitivity and
specificity were measured to address this goal. When evaluating nasal
swab cytology to BAL cytology, we detected a sensitivity of 1.0, specific-
ity of 0.40, with a PPV of 0.50 and a NPV of 1.0 {Table 6). Nasal swab P(R
revealed a sensitivity to BAL PCR of 0.83, specificity of 0.00, with a PPV of
1.0 and a NPV of 0.00 (Table 6).

4. Discussion

‘We identified cyanobacteria that infiltrated not only the upper respi-
ratory tract (nasal cavity), but also the central airway (lung: right upper
lobe) suggesting that aerosilization may be a significant route of human
exposure, The findings from our study suggest a broad prevalence of
cyvanobacteria exposure in both male and female subjects of varying
ages, regardless of season, smoking status, and pulmonary pathology.

Among the other goals in this study, we aimed to determine if time
of year and/or residential proximity to a waterbody correlated with
cyanobacteria identification. We hypothesized that due to the seasonal-
ity of CHABs and the likelihood of persons being outdoors in the warmer
months, we would detect a significant relationship between time of
vear and cyanobacteria. One of the more interesting discoveries from
this study was that we did not find that samples collected during the
months of May-October differed in cyanobacteria presence than those
collected during November-April. In fact, we found a surprisingly high
preponderance of cyanobacteria in both forms of respiratory tract sam-
ples collected during the colder months. Simifarly, we did not find that
residential proximity to a waterbody, regardless of season, was a signif-
icant factor. Likewise, Backer et al reported that subjects had MC levels
of 0.2 £ 0.1 ng in “pre-exposure” nasal swabs { before swimming/water
skiing), as well as identical MC content in an "unexposed” control group
{Backer et ak, 2018}, These values were proposed to represent a “base-
line” amount of cyanobacteria among the 81 study participants {Backer
etal, 2010). This "baseline,” constitutive amount of cyanobacteria expo-
sure likely explains why sample collection time of vear or participant
residential proximity to random waterbodies was not significant factors
in our study,

We determined that there is a low efficacy for using nasal swabs as a
surrogate to bronchoscopy when detecting cyanobacteria. Previous
studies have documented a similar variability in sensitivity/specificity
analyses, as well as PPV/NPY between throat culture and BAL when
identifying other respiratory microbes, like Pseudomonas aeruginosa
and Staphylococcus aureus (Seidler et al, 2016). Although we deter-
mined that it is not efficacious to screen for cyanchacteria using nasal
swabs as a surrogate for BAL, each sample may alone be an important
tools for determining risk for cyanotoxin-associated diseases associated
with cyanocbacteria exposure,

Our findings of a broad prevalence of cyanobacterial exposure are
especially interesting in light of a recent comprehensive topographic as-
sessment study of the bealthy lung. Bacteria may enter the lung via
“micrpaspiration” during which bacteria are harbored in micro-
droplets of saliva originating from the mouth - where upper respiratory
tract inhalation and bacterial introduction occurs {Dickson et al, 2017).
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Fag 2. Controf ricrobes. Proparaﬂm« {at ~5500 Ldls«ml_‘ were marle for the two conirol mi crobes a)/( b‘ Pomnve Control; br mmeld TE croscopy shows a population of Microcys

Dot show any fel]s Mpmssmo phv( ¢
b) ling with 1 hP excitation wavelength of 572 nm and em
st ar\dard pmca ure a pphed to ail images.

The bacteria-filled saliva droplets can then penetrate the central air-
ways by gravity-dependent topography (Le. being in an upright posi-
tion) {DHckson et al, 2017). “Microaspiration” supports our hypothesis
that inhaled cyanobacteria-filled aerosol could be a significant source
of human exposure.

We used a phycocyanobilin cube (excitation 572 nm, emission
540 nm) to illuminate an epifluorescent protein present in the
cyanobacteria-specific pigment, phycocyanin, to capture images via
FM. As is seen in Fig. 14, particulate matter did not produce flugres-
cence, evidence that the signals we imaged via FM were specific for
cyangbacteria, A study by Dang et al. defined many characteristics of
freshwater cyanobacteriurn (Microcysits aeruginosa) and found the av-
erage cellular diameter to be 4.1 4 007 um, 3.8 4: 0.01 pm, 3.8 4 005

Tabie 3

anubﬂm pxomﬁm 5.
on wavelength of 640 nm was used. inages were enhanced to in

Hs sp .
ulation of Escherichia coli
Microscope (10x, 50
cell visibility using a

erf.)rmed usi ng an O]ympu 3 Inverted kum

yrn, and 3.8 4+ 0.01 um between four different cultures grown atvarying
difution rates (Dang et al, 2012). These data agree with our image anal-
ysis (using Fiji/image]) of the positive control Microcysits sp. {average
diameter of 3.19 & 0.77 wm) (Dang et al, 2012),

The BAL cyanobacteria average diameter and area measurements
were in statistical agreement with control Microcystis, however,
cyanobacteria detected in the nasal swab samples, were statistically
simaller with respect to both diameter and area measurements, Reasons
as to why the make-up of cyanobacteria populations may differ be-
tween these two regions of the respiratory tract/types of bio-
specimens remains unclear. It is possible that a mixture of symbiotic
freshwater cyanobacteria species populated our nasal swab samples, A
study comparing morphological features between five species of both

Diameter and area measurements for epifluorescent cyanobacteria detected in BAL and nasal swab samples versus Microcystis sp. and E. coli.

Pararneter Mean Min Max S 5% p-Value
Microcystis sp. diameter [pm) 319 0.62 4.92 0.77 243,406 Ref.
BAL cyanobacteria diameter (pm) 317 093 440 1.00 217,430 0.94
Nasal swab cyanobacteria diameter (pm) 247 .62 5.38 137 2.24,2.71 <(0.001
E. coli diameter {yum) —- - - - - -
Microcystis sp. area (um) 5.82 0.19 14.12 2.71 311,819 Ref.
BAL cyanobacteria area {pumn} 6.22 0.39 11.80 325 2.96,8.82 0.70
Nasal swab cyanobacteria area {pun} 4.28 0.19 <0.001

E. coli area (pun)

16.25 432 3.54,5.03
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Table 4
Nasal swab patient characteristics, cyancbacterial cytology, and PCR findings.

Characteristics Nasal swab cytology

Nasal swab PCR

Megative Positive p-Value® Megative Positive p-Vatue®
Gender Female, nn (%} 17 {63%) 27 (56%) 3{50%; 42 (59%) -
Male, n (%) 10 (37%) 21 (44%) 0.63 3 (50%) 29 (41%) 0.69
Age Mean £ SD 58.0 4+ 17.8 53.3 £ 193 0.28 5593 £ 1744 5488 £ 1898 0.89
Range {min-max} 24.7-84.0 21.82-86.4 24.39-753 21.82-86.38

*Gender p-Value determined by Chi-square.
"Age p-Valve determined by t-test.

symbiotic and non-symbigtic cyanobacteria, from two genera con-
cluded that comparing cell size differences was valuable when
distinguishing between closely related species found in the same
water colurnn (Usher et ak, 2006), A mixture of different cyanobacteria
species in our nasal swab samples might account for the size incongru-
ences, In future studies complete 168 sequencing/taxonomy could be
performed to characterize the species distribution of these samples.

\

identi

nucteated cells. (b} A singular cyanobacter expressing phycocyanabilin pigiments is
seen (10x, 50 ym scale) using an Glyrapus IX73 verted Fluorescence Microscope. A
phyeocyanobilin cube with the excitation wavelength of 572 om and emission
wavelength of 640 nm was used. Images were enhanced to increase cell visibility using
a standard procedure applied to all images.

Other confounding factors, such as mucous and debris content, may
also be considered,

Furthermore, it is understood that inhaled particles {i.e. dust, silica.
inhalers, etc.) deposit deeper into the respiratory tree dependent on
particle size - where smaller objects tend to deposit the furthest
{Hevder, 2004). However, we must make the distinction between in-
haled particles vs. inhaled organisms. it is important to keep in mind
that organism deposition is vastly different and more complex. Organ-
ismms, like cyanchacteria, have the capacity to grow and express complex
behavior, like biofilm formation {Rossi and Be Philippis, 2015). Thus, it
is conceivable that smaller cyanobacteria are inhaled, which then
grow and form colonies, potentially living both dormant and symbiotic
in a biofilm once deep into the respiratory tract, This is one potential ex-
planation and warrants future investigation,

Although our findings suggest that proximity to a waterbody was
not significant, this is not to say that waterbodies are not a notable
source of cyanobacteria and cyanotoxin exposure, Previous literature
has provided strong evidence to support that cyanpbacteria can be aero-
solized from a waterbody and travel in LSA or other respirable particles
{Lewandowska et al,, 2017; May et al., 2018). Additionally, Backer and
colfeagues identified MC in the nares of persons who visited a
waterbody with known cyanobacteria blooms {Backer et al,, 2010). Fur-
thermore, they described how pre-recreational to post-recreational
nasal sampling appreciated an increase in M{ concentration {Backer
et al., 2010). Thus, rargeted sampling of bloom areas is necessary to
study exposure via CHAB-related aerosolization.

Are there other significant cyanobacteria sources, in addition to
waterhodies, that could pose a health risk? As an aside, consider the
gram-negative bacteriurmn, Legionella pneumonia that is responsible for
causing tegioneliosis {also known as, Legionnaire's disease) {Prussin
etal, 2017). In Legionnaire’s disease, primary infection occurs via inhal-
ing L. pneumonig-containing aerosol particles (Allegra et al, 2016;
Prussin et al, 2017). Transmission of aerosolized Legionella can origi-
nate from a multitude of water sources such as air conditioning units
{cocling towers) and hot tubs, to name a few (Hamilton et al, 2017;
Hamilton et al, 2018; Prussin ef al, 2017). Recently, a group from Yale
has identified a relationship between sporadic legioneliosis and spatial
distribution with water systems in Connecticut {Cassell et al, 2018},
In a study by Allegra et al, the authors discovered that inhaled
bicaerosols {on the range of 1-10 um) were capable of carrying patho-
genic Legionella, 93.4% of which was of a particle size conducive o
aerosilization {Allegra et al, 2016). Out of the total airborne Legionella
DNA sequenced, approximately 44% of the experimentally aerosolized
{or 7% of the original bacterial culture) had the potential to reach the al-
veoli of the human lung { Allegra et al,, 2016),

During the winter of 2003-2004, an outbreak of Legionnaire’s dis-
ease occurred in northern France that resulted in 18 deaths out of 86 re-
ported cases {Mathieuw et al,, 2006). The authors remarked that the
pathogenic L. preumonin source was discovered to be cooling towers
and water treatment basins (Mathieu et al, 2006). This outbreak and
bacterial transimission occurred during the winter months and through
air conditioning units. Association with cyanobacteria species was not
investigated, however is possible based on previous literature, particu-
larly in aerosols (Berendt, 1981; Tison et al., 1980). Similar outbreaks
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Table 5
Cyanobacteria detection by seasorn.

DN Facciponite et gl / Science of the Total Environment 645 (2018 ) 1003-1013

Negative () % Positive % p-Value®

Sensitivity/specificity

Negative % Positive % p-Value Sensitivity/specificity

() (1} ()
Nasal cytalogy BAL cytology
May-Oct 24 43% 32 57% 0.67/0.89 7 G4 4 36% 0.40/0.44
Nov-Apr 3 16% 16 84%  0.051 9 60% 6 4G% 1.0
Nasal PCR BALPCR
May-Oct 4 7% 53 93% 0.75/0.67 3 23% 10 T7% 0.43/0.50
Nov-Apr 2 10% 18 90%  0.65 3 19% 13 B81% 1.0

* Fishers exact two-tailed.

have heen reported in New Zealand in 2015 {Thornley et al,, 2017),
Memphis, TN, USA (Donderc Jr. et ak, 1980), the Nethertands {Den
Boer et al, 2002), Stafford General Hospital, United Kingdom
{rMahony et al, 1980), an Australian aquarium (Greig et al, 2004),
and more, Outbreaks are monitored annually by the Centers for Disease
Control and Prevention {CDC) in the United States {CDC, 2017).
Environmental microbiology studies dating back decades have doc-
umented that L. pneumonic growth is associated with cyanobacteria,
and that temperature, pH, and colony nutrition survival requirements
may not be as significant as once thought {Tison et al,, 1930), Similarly,
cyanobacteria {Fischerealla sp.) have been shown to facilitate L pneumo-
ria growth and survival in stringent conditions, and have been pro-
posed to promote L. prewmonia survival in bio-aerosols from lakes and
air conditioning systems (Berendt, 1981; Tison et al, 1930).
Cyanobacteria tend to colonize the same water coolant systems as L.
preumonia {Tison et al, 1980), and have also been found in biofilms of
the upper walls of cooling towers where sunlight is plentiful (Hauer,
2010). Cyancohacteria are unique in that they can perform all three of
photosynthesis, respiration, and nitrogen fixation (Vermaas, 2001).
This diversity in metabolic processes has allowed cyanobacteria to
evolve and survive in many different, and often harsh, conditions. In
fact, photosynthesis and respiration are regulated in cyanobacteria,
alfowing for processes conversions based on light availability
{Vermaas, 2001). This might explain why cyanobacteria can be found
in coolant systems as well as temporarily in the human lung,
Furthermore, a study from the Malaysian city of Kuala Lumpur dis-
covered that airborne cyanobacteria were detected at every level within
the indoor environment of an office building in this city, as well as in the
surrounding areas (Chu et al, 2013), The authors suggest that the out-
door environment may introduce indoor cyanobacteria into the air cool-
ant system of the office building, as there was a high-to-low gradient of

BAL: May ~ Oct Samples vs Distance {0 Nearest Waterbody

bacteria concentration from the outdoor environment to indoors {Chu
et al, 2013). It is important to note that this is a tropical environment
that does not experience winters comparable to those of northern
New England and that the dominant cyansbacteria species found in
the building was Phormidium angustissima (Chu et al, 2013).
Cyanobacteria have also been found on buildings, walls, and other archi-
tectural surfaces {(Gaylarde et al,, 2005; Rindi and Guiry, 2004; Uher
et al., 2004). The literature on indoor cyanobacteria sources is remark-
ably scant; however, the study by Chu et al. along with analogous L.
pneumonia literature, namely the winter Legionnaire's outhreak, war-
rants  future investigation into significant sources of indoor
cyanohacteria and emphasizes the importance of speciation.

Although cyanobacteria are found in aerosol and thus may be respi-
rable, an alternative explanation of cyanobacteria in the lung isvia a
symbiotic or commensal association with the lung microbiome. Erb-
Downward and colleagues reported the existence of a “high frequency,”
“core” {ung microbiome in healthy, smoking individuals (Erb-
Dowoward et al, 20711). They discovered that the healthy lung
microbiome consists primarily of Pseudomonas, Streptococcus, Prevotella,
Fuschacterium, Haemophilus, Veillonelio, and Porphyromonas (Erb-
Downward et al, 2011). Cvanobacteria {Microcystis sp. and other re-
lated species) were not among the microbes detected via 165 pyrose-
quencing, perhaps due to their photosynthetic requirements necessary
for extended survival,

Numerous studies, primarily in the fields of CF (Fancello et al, 2011},
COPD (Pragman et al,, 2012), and asthma (Huang et al, 2011), have
studied the diversity of the lung microbiome and how diseased states
alter this diversity (Dickson et al, 2013; O'Dwyer et al, 2016).
Cyanobacteria were not classified in the COPD or asthma populations,
however did appear in an investigation of the CF virome (Fancello
et al., 2011), In this study, sputum was analyzed for specific coding

Nasal Swabs: May ~ Oct Samples ve Distance to Nearest Waterbody
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Table 6
Assessing the efficacy of using nasal swabs as a surrogate to bronchoscopy when detecting
inhaled cyanobacteria.

Negative Positive  Sensitivity/specificity PPV/NPV

It n

BAL cytology
Masal cytology  MNegative 3 602 0 0%

Positive 2 40% 3 100% 1.0/0640 0.50/1.0
RAL PR
Nasal PCR Negative 0 3]

Positive 4 19 0.83/0.00 1.0/0.0

Positive prediciive value (PPV).
Negative predictive value (NPV).

sequences associated with antimicrobial resistance in the CF virome,
Upon closer examination, the finding of relevance for our purposes
was that one (out of nine derected) cyanobacreria PB-lactamase-
encoding open reading frarme gene was identified in one-gut-of-five
CF patient samples (Fancello et al, 2011), This is not sufficient evidence
to suggest that cyancbacteria are commonly found in the CF microbial
flora. Accordingly, we can deduce that cyanobacteria are not cormmonly
found in the fungs of healthy individuals or those with lung disease,

Acstudy by Frank et al. found that the majority of sequences from the
pares of healthy individuals contained bacterial phyla like
corynebacteria (68%) and staphylococci {(27%), while cyanobacteria
accounted for only 0.08% of all bacterial sequences in the nares of
healthy individuals and 0.02% of in-patient, hospitalized individuals
{Frank et al. 2010). Ch and colleagues nvestigated the changing
microbiome among individuals ages 2-40 years old and the authors
did not report the presence of cyanobacteria on the skin or in the
nares via phylum-, genus-, or species-level analyses (Oh et al, 2012,
We also could consider that the skin may pose a route of incidental
cyanobacteria exposure, be it through epithelial cell shedding,
onychophagy (nail biting), or even rhinotillexis {nose-picking). How-
ever, in two comprehensive reviews by Byrd et al. and Gracie et al,,
cyanobacteria were not reported to inhabit any significant portion of
the skin surface, even after accounting for interpersonal variation
among four different participants (Byrd et al, 2018; Grice and Segre,
20110,

Taken together, previous literature suggests that although the
human microbiome is vast and diverse in the lungs, naves, and skin,
cyanobacteria do not appear to be a fundamental member of the
human microbial flora in these regions, suggesting that the
cyanobacteria we observed in the BAL are via environmental exposure,
Thus, aerosol, albeit outdoor from waterbodies or from indoor sources,
may be a significant mechanism for cyanebacteria transmission. The
ubiquity of these exposures indicates that it will be critical to more spe-
cifically differentiate the cyanotoxin secreting species from benign or-
ganisms, the situations that induce this toxin release e.g. “blooms,”
and the acute and chronic health effects of toxin exposure,

Cyanotoxin exposure has been correlated with a significantly in-
creased risk for hepatocellular carcinoma (Fleming et al, 2002),
cyanobacterial pneumonia {Turner et al, 1990), and non-alcoholic
liver disease {Falconer et al., 1883; Zhang et al,, 2015). For instance, in
an ecological study by Zhang and colleagues, the authors reported a
0.3% increased risk for non-alcoholic Hiver disease for every 1% CHAB
coverage in disease-clustered counties {Zhang et al, 2015). The aerosol
mechanism might explain how cyanobacteria and cyanotoxins are in-
troduced into the body and promote disease. Lung macrophages,
which are critical in the innate immune system, have been quantifiably
detected {via flow cytometry) to uptake environmental particulate mat-
ter as a part of the defense mechanism {Stringer et al, 1995). An immu-
nological study by Landsman et al characterized that alveolar
macrophages trace linage to blood monocytes, requiring a lung macro-
phage intermediate {(Landsman and jung, 2007). This suggests that

environmental particles inhaled into the lungs and taken up by lung
macrophages may be able to enter the blood stream via barrier-
crossing immune cells.

Our current study showed a high prevalence of cyanobacteria in the
nasal cavity of our study participants, however it is unclear whether
there is mechanism for direct cyanotoxin exposure from the nasal cavity
that would not require transport to the lung, Dating back decades, stud-
ies have shown that inhaled substances have the ability to be
transported to the brain via the olfactory bulb and subsequently have
functional influence on neurons in central nervous system {CNS)
{Miwa et al, 1998; Shipley and Adamek, 1984; Shipley et al., 1985). Fu-
ture work should assess whether aerosols containing cyanobacteria and
cyanotoxins, might have offactory bulb retrograde transport potential
directly to the CNS. Aerosilization may be a significant mechanism for
introducing cyanotoxins such as BMAA into the UNS, potentiating the
pathophysiotogy of BMAA-induced protein misfolding in neurodegen-
erative diseases, like ALS or Alzheimer's disease {Banack et al., 2018;
Caller et al, 2018, Dunlop et al, 2013; Lobner et al., 2007; Michaelson
et al., 2017; Pablo er al., 2009; Rao et al, 2008; Rush et al, 2012; Yin
et al, 2014).

Thete are limitations with our study. First, based on our methods we
identified cyanobacteria using a binary (positive or negative) approach
via PCR. Although this answers the question regarding if cyanobacteria
are present in these samples, it does not necessarily provide data on
levels. We attempted to account for this by performing manual cell
counting on prepared shides. However, this method is imperfect and po-
tential for error exists. Similarly, this method may not represent the
presence of microbes on the swab as a whole. A more precise and quan-
tifiable method (i.e. guantitative PCR) should prove useful. Our second
limitation is that we could not account for an asscciation with known
CHAB events. State databases do not comprehensively record the timing
of blooms. Although our analyses showed that time of year and residen-
tial proximity were not major factors for cyanobacteria presence, we
could not determine if samples collected arcund the time of a bloom
were positive at a higher rate or in larger cyanobacteria quantity
{using cytology or suggested gPCR approach). Future work might con-
sider combining analytical data with geographical information systems
modeling to identify the influence of known CHAB events with
cyanobacteria in the respiratory tract.

We did not attempt to dassify {sequence) the specific species of
cyanobacteria present in positive samples. According to van Apeldoorn
et al,, the cyanobacteria class contains 150 genera and roughly 2000
species, where an estimated 40 genera are responsible for producing
cyanotoxins {van Apeldoorn et al, 2007). The primary toxin producing
cyanobacteria include Anabaena, Aphanizomenon, Cylindrospermopsis.
Lynghya, Microcystis, Nestoc and Oscillatorin (Carmichael et al., 2007,
van Apeldoorn et al, 2007}, Thus, we cannot make a claim regarding
any specific population of cyanobacterium in our samples or their po-
tential harmful nature. Future classification of cyancbacterial species
in human bio-samples may provide insight into clinically relevant aero-
solized cyanobacteria with cyanotoxin exposure and the potential for
associated human disease.

5. Conclusion

Our study suggests that humans inhale aerosolized cyanobacteria
which can be harbored in the nostrils and the lungs. Moreover, we
have shown that this is a prevalent and chronic phenoemenon, ococurring
in northern New England year-round. This is consistent with the hy-
pothesis that aerosol may be a significant route of cyancbacteria trans-
mission to humans, Both nasal swabs and BAL may individually be
usefud in screening for cvanobacteria exposure, though speciation and
cyanotoxin production of these aerosolized cyanobacteria will be im-
portant for any linkage with health effects. Sources of significant indoor
cyanobacteria exposure must be explored further and associations with
L. preumonia should be considered. This study provides evidence of
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human exposure to aerosolized cyanobacteria, motivating the more
specific assessments of the cyanotoxin-secreting species and situations,
which will be critical for mitigating cyanotoxin-associated diseases,
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